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I Ser! ad Ry 


we Object. 

To wake an experimental study of the flow in 
a nozzle designed to provide a parallel jet &t 
Supersonic sveeds, 

Pe fetmoc, 

A nozzle W&@éS built besed upon the tneory of 
trandtl] and'BMeyer for two dimensional Expansion 
of a was flowing @round a corner ct supersonic 
snéed, This theory asswees isentropic Gnd ir= 
rotationel flow. Who allowance is made for ver- 
jations in the huwidity. 

C. xesults. 

1. The observea mwresfsure Patios fcllowed 
cloecly the curve inuica@ted by the theoreticzil 
Vlees. | 
~» there is an etrective Movement of the cor- 
ner douméra ind to tie lert for decregsing 
prevsure ratios, This noevement ceuges, tiewnozzic 
contour to be theoreticelly incorreet since the 
ori-inal unalysis Wus based on a fixed corner. 

3. The normel condition of flow Ae skool cse 
emcert tor uw condensétion $ilock. 

D. OGonclusions, 

i. hte esoumptions of tae tneorys viz, isen- 

tropic and irrotétional flow ure too rigid for 


experimental and cualculetéd valués to agree. 








2. Tne nozzle provides « fTurallel stréhm at 
Siiweesonic velocity, the velocity Dein; devendent 
upon the degrees of empension desired. 

3. The presence of the condensation s.iiock 
caused an additional variation in tie observed 
and calculated values of pressure rcretios, 

S. meconmendations. 

1. Thet tne hunidity be controlled, 

2. That further investifc.tion of boundary 
layer conditions be madé when anvaratus becofies 
available, 

3. Timet Schlieren photowPepies of pressume 
socks ve nade using a faster method of exposure, 

4h. That further investigation be mede as to 


tne Bossibility of usin=® this nozzle conto. 


a Supemsonic diffuser. 





Li JiPtODUCT TOR 

ne purvose of this thesis Was to meke an cx- 
Yerigmentval ctudy of tlle flow ine nozzle designed 
to provide a parcllel jet at Supersonic speed, 
This study was to include views of the flow with 
the Schlieren apparatus to determine if normal 
Tlew wes shockless; to investirate the boumdary 
jayer @onditions; end to aeterniwe tne efreet of 
pressure shocks occuring in the nozzle contour, 

50 far as is'EKnoWh.no Studies of this nature jreve 
been previouslv made, 

Two urbitrary streamlines, as defined by the 
Prange Gloand Meycr tleony Torseilowaeround 2 cee- 
emer re Gelecved for tire nozzle compour, tite 
Choice of streamlines being, governed vrif.arily 
by a linitetion of tne physicel length of the 
NOgzec, “TNGethe Ccagacaty of the air ejeector. Av 
tie nozzle throat which is the berinning of the 
flém around the copmer, and @lso tie beginring of 
tne stréeuuline contours, the critical w»oressure 
ratio exists «nd scenic velocity o@¢eurs. x#t sec-~- 
tions downstream from the threat expansion occurs, 
Ch® res™ure ratio beec@ges lkess then critical, -the 
Strcam chéin@es direction ws defined by the streun- 
bamies, ind the velocity becomes supersoniGs Cama— 


itions at the entr&énce to the nozzle arc atmhosmeric, 








and the entrarce urea is Made larewee enough to re- 
duce tne approach velocity tuo 3% of that at tue 
Tiseot. Mo ettemet wus? Mice to control Nuridizy 


of the air entering tie nozzle. 





jot i  PAAeMO tia. .L, i CMI Ue 
GD. Dgser igt onwote.07%7Le. 

The nozzle Was riachined in two seperite nieces 
as siu@en in Eigse 1, the picces Welimgpheld in prover 
rosition rclative to ench other by straps at eitner 
end FTitved witn dowel pins. Pressure taps were 
provide@ eat the throat section snd at points of 
Pireoreyleal presume ratios of Gabo see. , ea 
O,2<0, 0.15 and 0.10 for both the upper amd lower 
contours. These taps led to a battery of memeury 
mememheters, pernuitting measurement of the pmeesure 
epeathe tap, Platesslass sides; of the genemel outidaine 
Or thre nozzle, were filled To lis sides ant Maaqe cir 
tireht by a thin lever of Duco cement between flags and 
nNozzike Sides, md by tame alon@ tle edmes of themediass. 
@he €xit end of the nozzle tas fitted With @ Wooden 
aegentem to permit connmectimgeit to the air ejeecvem 
plping. 
B. Operetion, 

Flow of snir tnrough the nozzle is started by 
bringing the air ejector up to its operatifie peint 
and ovening the cut-out valve to the nozzle. This 
valve is opened wide so that shockless flow is obtained, 
SBucady stéte conditions are re@ched quite rapidly 
oT perm Which ré&dings of Whe manometer bitvery @re 
tiuken. AthoBSpheric conditions are @ulso recorded. 

aS the exhaust valve is closed, a Shock will 


occur in tlhe nozzle coutour @rd further closing of 


this velve roves the shock tovard the throut until 


S 





finally it occurs at the entrance. The vnowition of 
this shock can be determined aporoximavew, Caen the 


indications of the manometer readings. 
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TV Wee 
Results are sudmitted in the form of curves 
shown by Figs. 2, 3, 4, 5(a), and 5(b). 

_A. Fig. 2 is 21 dimensionless nlot of nressure 
ratio versus area ratio. It shows how nearly the 
actual conditions in the nozzle anvroach the theo- 
retical. ™he curves for the bottom and ton contours 
were based on the average values of ten senarate, 
normal runs taken on different days. Since each. 
olotted point is an average value, the curves were 
passed tnorough all voints rather than faired in. 

_B.e Fig. 3 snows tne lines of theoretical 
constant nressure as determined from the average 
readings for the ten normal rung. Tn #eneral, the 
actual constant nrecsure lines do not vnass through 
the voint "0" as recuired by theory, and they show 
eB mowement of thi#f noint dotmward and to the left. 

_C. Fig. 4 shows the comnuted thickness of the 
boundary layer on both contours assuming that it is 
of eoual thickness on all bounding surfaces. T™hese 
curves are qualitative only. 

Dp. Figs. 5(a) and 5(b) show the effect on the 
pressure ratios of enocks in the nozzle nroduced by 
increasing, the exhaust nressure. Curve T renresents 
a selected normal run; curve IT revresents a run with 
a snoc’” in the nozzle contour; successive curves 
are with the shock nearér the throat. Curve VTI is 


with the shock out®ide the nozzle throat. 


§ 





~~ eo = = -— 


ms - Sw a 


——e ee tee 
{ 





a 
= | ——- a 


’ 
mp ee a ee oe ui te he ee ee Oe ~—— 
¢ 


\ 





TRIBUTION 


| 
| 
| 
see he aan aaa 
| 
Me 
: 
NOZZLE 





IG 
RESSURE | DI 
IN| 


_ 


ee 
as 
ay + 
‘ a 
I 

= P 
bea + 
} 

j 





; i 2 
ati } _4| | ~~ aut : 4 ee . 
eo at lt ee Sa eee 7 fer ee ee 
ni le ie ~~, , =s i E ’ = i i r- ~~ 
: . | } : 
pe = ae , | f : - . ; + 








{ 
} (Lon : a : 
— | es | ede Cle eee | | etl | | 
— a EE —_—-= ane een =e — ~ ~ -|—- a ~ oe EU ta Be } aS i See ee e- Nee eed rh a reer ee —_ Feo oe 
oie | : 4 | : ' 
1 ; { i { 
| an : me al ae ee | | | 
: 7 es \ | 4 | { , ; 
| 3 | \/ a | N | 
Sg ge ee ee 
: f ge | : 
ee : = — t — & SS "es sy 5 a 
Co a \ | t 
: so | . ‘ , ‘ 
- 4 a oe pe fee igo | ee Ma ln a ed en oe henge ee eee Pa oH = S a wa we pe fe 
| : LA —_ i j i . i 
“7 { i . hed { ' | { 
We ioe f { 
‘ cand oN aan : i ' OQ pp ey ai 
ae a <= 5 ee 


i | | 
} . 
t . ; : { 
! 
fn ae oe -—} at din 1 see eal cee aca —— —--—--—}-- 
| 


. 5 ine 1 
! | : SS i il. 3 aT 
a bom eRe ee -- 5 ‘ ie. _t - ——_— = t _ ae --+- —-—— (- 
3 i ‘ 
it { a le Lara lt ise: - | ba { 
aie ee a a ee ee arta ae on j Weed a yi CI 


—7 4: - * 








| 


’ 
4 


| 





iS i at! 
| x 
~ + WW 
1 & 

| 3 
IR 
ae a WY 
XY 





P 


Jo 
SHOwN BY ACTUAL READINGS. 


CONS TANT 


: 
ee eee 
; I 
- SRE RP, oo hee Poe. 


fe 
© | ° 
| vs \ 
\ 
z “ 
+ 4 
| 
BA 
jt is in 
; 7 7 


NM) 


———- 7 Se Sane e—— | = 
- - J : ' 


7 YOOINO) 9722 N OL 


; +i f= 7 . > 
ee i oy Wee ee 1 eee st = a eee 


ys 


7 

. 

‘-— - 
7 

7 if 


4 








| 
SSH — 
| 451¢ 


N 


ee 


al 
sb 
r 


[BE 


~w 
7 

a 
yi 
os 
bh 

w 
er 
= 
AR 


ae 


oe 


oie 
4 
—-—-+4 





a — ea 


ae. 
| 
i 


t 
OAISTA ar 
— 
i 
I 
| 
a 
. 3 





a eee ee 


! 


URE, 3 


RR LS 


: } 
| ; | E 
= : - 

eee ual —_— = t-te 






RE 


{ 
_ PRESSU 


F_CONSTANT 
VIRTUA 


1 oF 
| oe 








L MOVEMENT 


t 
—————— re aa 

a 

o 
{ } 
fog | 

bes epee he eee eee Vee ee 

’ 


{ 





= me = 1S ee = fe © 
| | | 
| | : 
| da 
: 
| 
ine fe ne tp |—- ——A— 
| i | 
2 - 
| 
a om ae - — - 
; i 


4 } 7 . | ° 
MR ee 


70 


oe 
| 
= 


Pas 
| 
| 
| 


-j—-—-——- -— ai —_—-— — 
“| ie “i 
v bS, 
i ' 
} z 1 i 
+  —_— } = Es 
io NOUN 
Y 
~ Ca 
x 
to eee ES -\ ae =, ee 
{ } 
! 
: es = 
QqY ~ o 
$ 
— 


c= 
rie See ee ols Me, a wk, - 


} 


| 
= 


7 
| 
bist 


HES 


| 
| 
| 


! 


ON TOUR. ae wc 


c 
~~ a 


‘ 
| eee 


NOZ CLE 





yi 
cai 
| 


1 


4 


ns 
im 

| 

| 

{ 

| 


« 
- tee 
‘ 


rx 


t-- 


LESS SS 


oe 
4 


/ 


vn | te hea 


—— 


sil 


thane 


| 
i -_ 


O 


| 


t 





iy 


{| 
+— 
t 
t 


Ww’ 
ae 
i = ys i 
| A 
B <A 
' ¥ 
| ¥ a 
[ se 
7 K 
- . -~—ky~--- aia eee 
i z 
' t 
~~ > 
a . oa 
ee = ye 
' : e \& 
t Ne! & 
eh. ae i Q 
© 
1 SA ee eae eS " 
z 
QO 


~ 


| 
~~ fe 
| 


lt ae 7 
* . ; 
‘ery i 


=— 


— 


I 


~ 


{ 


&. 


ca 1AlE 


i. 

Pe ogy ee 
f §-2] 4.8% 

| fiche 

_— 5 & > 

i \ | a | 


é { 
= wenepen fe 





t 


é } 
: ' 
een os — eee eee ft pe a 


{ ~ AR | 
: i ae 
~ an oe 


{ 
! ae! 


pa HE 


255 ON 





s 
' 
ee 


a 
é 
t 


| 
NDARY 
‘ 
sh 


SURFACE 


4 
THICK 





FRCES 





pe ; 
WW a! + 2 Hp! ¥ 
” 
ee +— : baa gt caine rie 
; Av 





‘OF 





; ' 
— 
: ~= hg se oe — «© 
‘ 


ae | 
ome 


i 
| oe 
| 
| 


LOWER 


- 
| 











ne ees a ame ee fen ee arin Cy 
i : i 





| Ww os > a a 
© 
ee iat : i Q } R o o 
= | | | . . . | 
|. a a iat a es a - ie ie ala | SPP pps, ~ SSSI ID IAL wRAVY havarooy . 


baa We t i | - 
, 7 a: 
. —— i. ae 8 ‘a. =.6 ie 


— 


- 4-4 


E } nel | 
» ie |" vl ae . i eal - in —— 


¢ 


} ¢ 
{ 


| ne et 


{ 
AH ORIZONTA 
| 
~ 
[ 


| 
| 





= 
te 


< 


oe 





a 


—_— ~— 
t 
{ 
— — _ 
eet eee lee —— 








x | oa | 
r | “ = eee ar : 
er 
i ' il ease ! j A : 
ee el 
| | —_  s | 
nehget 2 marc — } a ae 
| - } - L ‘ <e 
| ff rm eee Ae } nee 
| ee | | | | , | ae 
1 ~~ as « a were be ew a= -, 4? 
| OO; Sa | mein ee j a a 
| Toe ee ee 





‘ 
| 
{ t , 7 , 
k ca 3 se - —— 5 _ Sree Teal jie og We aot 











a 
3230 WOOHS Hoe 
; Ee 2 ee ee oe fgets 

uNOLNOD JTZZON Y3IddN 
ONOIY NOLlLOgIeisigd BUNSSTUd: 


| "DS auNdIS 








al 
| 
| 
| 


che ~ See eee 


wee 





Tie arn 








| 


TIN 












ae =a ——— ais i 
; eres = =. } i t | 
} 
ily 3 a i | : { 
/ ee ad Se LL ome + ; 
ie | | = | | 
| : a i ) 
| i 
atin - = a oe ——-- -——! _—, —j-~ ES So ee | mes Ase 
| ee 3 P a a 
| =o ae. , | | | ? 
. _- “ |} | ! 3 ~ j t ~ 4 
} — —_ —_— —_——— ~~ a: ee eee ee a | ; | | 
| = Oo) ae. pea 7 a pO | 
6 [ge we | : et | | . mai a a 
| os aw i a | 3 | 
| — me ' ; : ! | ' : 3 i 7 ; 
ee ee — > u ov ! 
| Peal a. pe a a ee ea erin mim te penne nye See ee Be L ae came te ’ } | 
oi tatty ae Be 4 
i 
Be 





1 
+ 


“Sher >>0 “x IONS om | 





| 


| 
j 


‘ 
ad 


~HX 


ae 


| 
| 


wNoLNo> “37zZ0N vamo 7 
9NO71Y Norn eryisig| 3YOSSIMg ~ 





m= =. ~ 





a 


5 
| 
x 


= 
oS ne wn dent, aol 


lem. Rants 


/ 





VO DISClsslOi OF tsuLUs 

&, The plot of yressure ratio existing in the 
nozzle verTcus aréa Patio shows that the exP®erinental 
Value docé not reach the theoreti¢@]l veluve,. This 
result is 6s expected Since the theoreticul value 
wemores tile €irects of friction and the Bupsecuon 
buildiiy--up of the boundary layer. In addition, the 
tneoretical value asZumes dry air end so does not 
Have to account for tne effects of condcnsetion. In 
this nozzle there was a condensation shock present at 
all times that normal rums were nede. ‘this srecwvocce-— 
urrea in the vicinity of the 0.40 pressure ratio van. 
The position of the shock varied slightly from day to 
dey depending upon the relative humidity. <A shock of 
this king woveS downstream from the throat as relative 
Dayglaity decreases, ends tic relavive huwweidaty apo- 
Poeches zero, the flow in @ nozzle aprroaches isen— 
tropic conditionswrore closely (i). 

The ertfect of the condensation shock on pressure 
gatio is shown by the rise of the curves in tre region 
PemvGcnetnée bape Tor pressure ratios of 0.40 amd Ogee: 
this erreet is More noticeatle along the unper contour 
Vere 2 iS olomm® tic lover contour. 

At the berinning of tne straight section the 
pressure ratios are becoming Hore né@driy the same for 


uppdr rid loWer contours. 


| 4- 
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i, Por the construction of Fig. 3 a plot of 

the nozvle contour WaS ladc, and the line® ohetheo— 
retical constant presture, erhcie prescure taps geese 
located, tere dwgmn in. Then the average presaure 
ratio readings for nopga@l cuns Were plotted vertically 
below their corresnonding tavs. From these points the 
curves of pressure ratio versus horizontal distance 
along the nozzle contour were drawn for both the up- 


per end lower surreces., since a line of G@m@Stant pres- 


~ 


Sure is a@ horizontal line on this plot, by prajeceting 
vertically upward, the points of caueal préeseume mey 

be loc&tcd on both the nozzle surfaces, Howewer, the 
ochlieren pictures swow thut tire pressure is not con- 
stant along the line connecting points of equal pres- 
eure, mor along @ny cadial line in the nozzle@m™comecu:. 
but rather thet « line of constunt pressure, 45 indic- 
ated by the shock, is a iine cone:ve dowustrean, The 
average Sloce of the shock is such that the tangent 
welll mass near "QO". 


Tuese limes, connecting points of equal pressure, 


t+ 


depart from the theoretical lines of constant pressure 
manag, in generel, show & rotation about the original 
lines. ‘TMe result is 4n effective 1r.ovemenmt of the 
corner slowing that the nozzle contour is no longer 
correct even if isentropic flow were realized. 
from tiils: plot, she location of the Aileen 1S 

shown to be very near the tap for a presem@re ratio of 
0,50. wetudlly, the throdt seétion of th® nozzle was 


1S 





NOG 18 te pEG@per Locytinn.» Piilc esveRblingzwike 
nozzle it Wee discovered tict the scction of Miniwae 
wrea was petween the 9.53 cmd 0,50 pressure Cac 
taps, being closer to the 0.50 tap. Am attempt wus 
made to correct this condition by rubbing the sur- 
Gace With emery and crocus cloth, but tne result 
is NOt Gee pletedy SucccssTul. The difwPemence in 
area hetween the peesocure tins at 0.535 Amaetiose 

at Os>Oel1S VGby crabicads being of» the sene@ersar 
0.0009 in*. Thus very slight errors in machining 
time Weezete contours Mill measuit in V¥araggion ian 
the position of tne throat. 

Calculations were made for the vertical move- 
ment of "O" wedmes the ti:teoretiwal crelutions developed 
inssdovendix 5, the observed values of pressume Bato, 
and the geometry of the figure. These calculations 
Show the seme movement of "0" as is Shewn in the pilot, 
so they ame not included hcre. They thay be found 
in tae orae@amel data. 

Using tne theoreticel relations and plotting 
6 new contour based on the new position of "Q" tod 
that tae nozzle as actually made had too much curvature, 
in op@ration this Wes indicated by the for™Mation of 
uo fTolm of frease and dust oT tlesupp@m surface, 

_C, Originally, it was intended to, study tne 


boundary layer with Schlieren appuratus designed for 


this Work in an effort to obtein cuantitative results. 
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Hope rer .tws Beyer atus Wes not covpleted in-tine toe 
enuible the study to be rade, 

Ualitetive results were obtained by assuming 
thet the thickness of the boundary layer on the glass 
Bides end the nozzle contour is the same. Tne 
diifevrence between the v.rea recuired to expand isen-~ 
trapieally to the observed pre@eure ratio end the 
aeca @xisting in the nozele @t this ratio wee teen 
as thewerea of tie bouncury layer. «aS the pressunes 
ay corresponding taps on unver und lower Surifiees 
were not identical, boundary layer tli.icknesses were 
COMmputca uSime déta from cuch contour. The to 
curves obteined indicate thet the boundery layer 
tirciewess 1s not the Same for upper and lowe contours, 
Whien invelidates the original assumption, but they 
do show an increase in thickness with distance along 
tive contow. 

An attelpt was made to compute thicxnesses based 


On DAS @Mowcent of the corner, Lut no sagnmaficent 


J 


results were obtaired. These celculetions are With 
the orig@indl d&éte. 

D. The locetion of the sliockS introduced in 
thre nozzle cortour was not determined exactly. 
Pree 2 consiaeration of the Msnomever readings ira 
the S@Miieren Pictures, an approximate location can 
be deduced. The curves are showm dotted where shocks 


occured since these points are doubtful. 


The curves for thé top contour aré conventional 


/7 





S 


in that when a shock occuns there is an abrunt 
pressure rise across the shock with the oressure 
continuing to rise after the shock. 

Curves ror the bottom contour are convention- 
al excevt for runs VI and VIT for wnich there is an 
abrupt pressure rise vrollowed by a decrease in 
pressure and then an increase in woressure. Tt is 
not known what causes this neculiar behavior of the 
lower contour for snocks at or near the entrance. 
Yowever, the shock in Doth there runs occurred in 
tne vicinity of the con@énsation snock which may 
have affected the readings in some manner. [Jf this 
were the case, it sesma reasonable to exnect that 
the oressure tans along the unner contour would 
show the same effect. Since the unrer contour 
does not show the same result, possibly the fact 
that the vressure tins are a greater distance apart 
alons that surface allowr the flow to become stable 


Defore reacnin.s the next tan. 
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VI CONCLUSIONS 


The flow is not isentronic. 

Pressure is not constant along a radial line. 
The condensation shock was not anticinated and 
may have had considerable effect on the results. 
A new, theoretical contour based on the movement 
of "oO" showed that the original contour had 


too much curvature. 
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VIL RECO ehDaT TUS 

1. That the humidity be controlled. 
2. That furtmer investia@tion of bounaery : 
laver conditions be made when apperatus pbecor.es 
uwe@il@bleepith « view to obteining,s quentitutive 
Pesults, 

- Tnat Senlieren vhotograpvhs of shocks 
be made using faster methods of exposure, 

4. That further investigation be made «us 
tO CHew heer bi lat oor Misr tim Benozzle=conteur 
mS 2 Sumemmeonic diffuser. 


5. ‘That the throat be located directly 


above *O", 
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Viel Ae ix 


Symbols 

A Area vernendicular to flow at any point. 

Ay Throat area. 

a Local velocity of sound. 

eC Velocity which a gas would attain if allowed 
to flow in steady motion into a vacuum. 

G Mass rate of flow. 

Ratio of snecific heats (1.400). 

M Mach number. 

m Local Wach angle. 

O Origin for rectangular and volar coordinates; 
corner about which expansion, is assumed to 
take volace. P 

O’' Corner about which exnansion @ctually takes 
olace. 

p Absolute pressure at voint considered. 

Pear Critical wrersure ratio. 

Po Atmospheric pressure. 

io Stagnation pressure at section O. 

q Stream velocity at any point. 

r Radius vector to any noint from "0". 

r' Radiu& vector to any voint from 0’. 

ry Radius vector at throat. 

rj Radius vector at throat from @ . 

ry Padius vector at voint 2 FFrompd. 

Sr, Padiial dirtance at throat between selected 


ntreamlines. 


£2 





Avo Padial distance at vnoint 2 between selected 
streamlines, 

T Absolute temverature xt any noint. 

u Comoonent of stream velocity along radius vector 
atl any noint. 

Vv Component of stream velocity pervendicular to 
radius vector at any point. 

Yeub Specific volume at any noint considered. 

x Abscissa at any vooint considered, 

y Ordinate at any point considered. 


Z, Vertical movement of O. 


N A constant <= ae 
Rr! 
6 Angle at O between vertical and radius vector 


to any noint. 
g Angle at o' between vertical and radius vector 


to any noint. 
Y complement of local mach angle. 


- Stree density, 
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Vill i PERDIs 


Developwent of Theoretical Eauations 


B. 





Tne dynemic ecuations for any two dinen- 


SlioOn@d fluid metion exnressedq in polar coord— 


jinetes ere 


Where u aid v are the corponents of velocity 


along and pe. pendireweme to tne =eacius Vveeter 


ticouee thespoint conardered, 


The equation of continuity is 


aa (aur) + 36 (2x) —_ (3) 


BAoSsue: 1. Velocity, pressure and dene 


sity are constent abong a 


reda7 uss 


Isentroric conditions. 
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Then (1), (2) and ) reduce to 


(3 
w= GF 
ae (4) 


d. 
vAG hak a Lf (5) 


(ut Ja(pur) =o (6) 


Nouation (4) is the condition for irro- 
tational flow and shows that this type of 


motion Ls ey, 


since ee. A; .. (5) may be written 
as “ We f dae 
fatty) = —- Cs (7) 
/Y RAO 
Substituting in (6) the value of 5 


(Hh r0)(1- 42) = 0 (8) 


which is the @eneral equetion of flow Which 
must ce satisfied. Since (, u) cannot 
be O for all values of 6, as the pressure 
would then be constant throughout the field, 
ve must have 

ig wa Far (9) 


iad Ilremw Glew a@diape@tic lav 


Fro Bernoullits equation we hive 


flurtar*) + te - , 


= (11) 


dah. 
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SiieewevuLing tie value of ve fron (LO}ei ne (ia 


4-4 Eel ip? eg (12) 


substituting the wWrlue of v from (4) in (12) 


Se S 2 z Zz 
- (4 = V(¢-«*) (13) 


ee ~f/ 
wilere dD = f+ 


Integration of (13) with 9 measured from the 
radius at which u=-0 so that the constant of 


integration will vanish fives 


AG = Ain '(<) 


a U= Crum dO (1h) 
du : 
Va a = CA Lown A@ (15) 


Fron. ecuations (10) und (11) we hve 


fra tes x f- f-[1-E)* J (16) 


From condition that mass rate of flow is @a 





constant 
- £™ ” AX, pn (90- ¥) (17) 
ee 
and reéetiembering AL oe _ ae ; ep obtain 
: . zZ 


Jz = A fe 


ft 
A, (13) 
mM fz tow 


Meo tie agkebutic gus lev 


si 2) (a7) 


ae 
RB 





a 





from ecuation (16) L 
. (f: ye | 
ee “GA * 
then (18) sain 
. Pe Pil. 
E)* [1 - Goe]* ae 


Frou the figure 


Tan y= “Ler 


An A@ 
Tan p= Xow RO 
Tan Y= < Tau r6 (21) 
/ + dan yw = nec 


(20) 


[+ SE Maa AO = ee” 
z 
eT ell 
ou ¥ a? 4 Lent AO 
L 


= i I 
Aow # = N ¥ Mae AC 


From ec uations — (5 ) Gnd 6) 


Lrzera* = ae & £1 -(£) & / 


4 = a Ae t Avcoe*A0] 


| Pl (1-7) (17 202 228) 


(23) 
Ly subetituthae (23) im (16) 


Ci ab c's % R-I Dike ie $(t-M)* gar 


/ Ce (21) 
we obt ht x (1 + <ee 2A8) 


al 


end remenbccileég 





FF 


h- 
(B+) (f) %— | 
foe 2A@ = Zor rAe-/ 


[2cor*A-1] [Ben (fe -1] 


2 A-! 
or" re = EA (EY R 


Ca rpr€ 


yae Ae = Maa ha! 


het 
Ht r@ Ago / | (26) 


substituting (26) in (22) and suauaring 


2 


A 
a oo a ae 
[> + he (EOF - 1] 


suvstituting value of A in (27) and solving 


ie 
jou b= 


for cosw at any point in terms of the pressure 
Le h-! Le 
| (£4)* (¢: “Z ‘| a 
rives =f =— — [ (28) 
au p(% i) 


substituting the vulue of cosW at m from 


ne Mee p Ke 7% 
hee =a(g.) (E) ITT UG) = (29) 
. {f= eS ( m! 
taking two of oi (P-)#L Ca)" and 
simplifying 
MC y2-1] -_ (4) 7 
r-(yeye 


Since vélocity is sonic at section 1 (throzt) 
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h 
f 
oe Ps fo ia = kes 
ff b+) 
f 
(velocity at f° ~ O SO fre . fre 
(here p= Stagnation pressurc et section 0) 


taking terms in( eros: (29) 


ae / 
f-\R ~(¢- Az je hye 
% ) [7 po ) =(b+i ri) 
since Az is uny redius, drov tie subscript 


and let Az = ZR, (29) then becomes 
aL 
Zk (hy \2 
f= A, (+7 ) Res ) (Z 


Ceo el. } i =/ eh oy) 


. £4 
(fc) ** = [i (ew*n0)] i 


subs#atuting (31) in (30) and Sumbla@tfyine 


bes 
2R 


a 2 (4) (30) 








_ atl 
A= %, (oe A 6) &-1 (32) 
or directsky from (30) 
&+/ +s 
me ST, = 
ne Alin (fy 22 


fro (25) 


“Abe Ag - [Ef ]* 
o- tf! [hye 
6 =(E coef if) e]? ( 34) 


a9 





Using value of k @s 1.4000, (33) end (34) 


reduce to 
—0,393S7I¥ 


A = 0.57571 4($.) (35) 


0.142 3¢ 


J 8) 


By substituting values ot(Yp,) in equations 


O= 2494999 tor [iu ors4(4.) 


(21), (35) end (36), the following values or /e 
@ and ¥ were obteined for plotting the 
streamlines. (See TAPLE I on following page. ) 
For eaBSe of laying out the contour, the 
dil.ensions aS given in TABLE I were changed 
fror. polar to réctangular coordinates &5 siom, 
on the sketch of tiie nozzle (Figure 1). The 
origin for tne rectangulér coordinates is the 
corner about which the expansion iS essumed to 
Care place. 
The straight section of the nozzle is 
an erbitrary lemethn of tne tancents to the 


contours at o preem@urescetioc ef OO. 


q-% 


5.0 





XR 
Vulues of % , @, WY, mm versus b 2 


Vp. 
0527 
Di) 
0h 
~ 40 
035 
2 30 


eon? 
oO 
qe? 5 
wD 
iiZ5 
~ LO 


aL, J Osi I 


Ze 
A 


1.000 

1286 3 
1.1474 
1.2693 
1.4337 
1 eer 2 
lae7o9 
2.07 e 
ieee 
Zo SO 
2 « Giga 
DAITL 
La lee 


3] 


y° 
O 
Lieleo 


SGC T 


HNeioo 


Si. 


PO ais 2 


O20 sce 


sum = (F0-¥) 


90.000 
72.4280 


24.833 


Lieao> 


BD era h 


PSL 


Pe ol| 





ita). 


AVE. 


> 
oO AA He UD EE S 


Vig Bae DI 


C. Summary of Data. 
TAs i ~ (t/. 


Lew 


0.30 
O. 367 
Oriel 
0. 369 


O Gio Bere § 0s © 
WN 
CO 
S 


726 


LN 


O. 373 


0.20 

0,232 
0.214 
0,248 
0,248 
0.239 
0.240 
0,236 
vent 
3256 
232 
362 


QO OO sO} 


7256 


er contour. 


0.30 
O. 356 
340 
384 
. 384 
. 366 
376 
396 
425 


0.20 
0.272 
. 264 
-ag> 
291 
293 
mee 
. 286 
. 303 


Normal, snockless runs, uvnver contour. 
Atmos. 0.53 9:50 0.40 
764.4 C.578 0.519 0.420 
We. 5 0.573 0.515 O74 
764.6 O7575 0.517 0.498 

’ 0.578 0.517 0.442 

0.575 0.516 0.448 

- 0.576 0.515 0.4356 
764.5 0.576 0.518 0.492 
oe. OF57Ts 0.516 0.506 
764.4 0.568 0.509 0.425 

“i 0.569 0.514 0.429 

5.745 5.157 4.485 
0.574 0.516 0.448 

Normal, shockless runs, 
Stmos. 0.53 0.50 0.40 
764.4 0.594 0.524 0.431 
7e5.5 0.591 0.500 0.430 
764.6 0.593 0.507 0.437 

» 0.593 0.507 0.437 

0.592 0.504 0.432 

4 0.592 0.504 0.429 
764.5 0.590 0.505 0.432 
759.0 0.590 C.504 O.445 
764.4 0.585 0.494 0.425 
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So seo Dm OCLCCOltCi—D 


. 366 


Oy OV. Oe se) ).O7) O 


{362 


0.198 
0.189 
0.164 
0.164 
0.190 
0.189 
O.192 
Os2c0 
O, 186 
0.186 
liege 
0.186 


oF 8. 
0.143 
0.143 
Owe 
0.140 
0.140 
0.141 
O.149 
0.159 
O.150 
0.147 
1.463 
0.146 


-—_ 
UY 
OR 








2.5) 


10 764.4 0.585 0.494 0.425 0.369 0.298 0.220 0.155 8/12 

Sum 5.904 5.027 4.323 43.762 2.903 2.220 1.612 

AVE. 0.590 0.503 0.432 OF876 0.290 0.222) Ommel 

ee Rune with BPhHoeck in contour. 

TABLE III -(Gp.) 

(a). WWonver fontour. 

Run Atmoc. 0.53 0.50 0.40 0.30 0,20 0,15 0,10 Date 
I 759.0 0.574 0.516 0.506 0.385 0.237 0.200 0.159 8/10 
II 764.4 0.569 0.505 0.420 0.359 0.229 0.295 0.357 8/12 
TII 764.5 0.566 0.505 0.419 0.359 0.291 0.439 0.430 8/}2 
IV 759.0 0.574 0.518 0.504 0.400 0.569 0.582 0.600 8/10 
Vv 759.0 0.575 0.518 0.509 0.600 0.662 0.674 0.689 8/10 
VI 759.0 0.580 0.545 0.646 0.720 0.769 0.781 0.792 8/10 
Mar f59.0 0.584 0.560 0.661 0.734 0.785 “On79e) OrclG we, mo 

(ob). Lower Contour. 

Bum Atmos, O.55 0.50 0.70 0.30 0.20 QO.15 Q.10 Date 
I 759.0 0.590 0.504 0.445 0.425 0.303 0.226 0.172 8/10 
TI 764.4 0.584 0.490 0.422 0.361 0.301 0.215 0.224 8/12 
T1t 764.5 0.583 0.491 0.424 0.360 0.301 0.215 0.351 8/12 
IV 759.0 0.591 0.504 0.458 0.425 0.330 0.470 0.521 8/10 
V 759.0 0.590 0.505 0.455 0.425 0.524 0.580 0.626 8/10 
VI 759.0 0.595 0.515 0.491 0.695 0.656 0.706 0.744 8/10 
VII 759.0 0.599 0.524 0.505 0.719 0,672 0.720 0.763 8/10 

(Pictures corresnonding to these runs marked Fig. 6-I, etc) 











FIG. GIil 




















VITT_APP=YDIX 


D. Samnle Calculations. 
1. Method of computing r/r;,8, Y . 
Trom apvendix VITT, 8s 
704 a 0.57671 (n/po) -0.55714 
@ = 2.44949 arc cos [1.0954(p/p, )9- 14289 J 
! 
W = are tan oe tan A® ) 


Assuming a vreesure ratio of 0.40 


0.14286 log 9.15490-10 
Baie = 2.500 log 0.39794 log log 9.59981-10 
log 0.05685 log los 8.75471-10 
1.0954 log 0.03959- 
-log 0.05685 
16.0469 logcos 9.98274-10 
15.046 los) leeGboy, 
2,44905 log 0.38908 
@ = 39.306° log 1.59445 
0.85714 log logy. 9° .9S3ge2 10 
2.500 log 0.39794 iieyes log 9.59981-10 
log 02 44108 log loy 9.53286-10 
0.57871 log 9.76246-10 
P/T, aso log, 0.10354 
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D. 





earl 


APPIN THTY 


Sannle Calculations (con't). 


J B+ - 0.40825 
Kj + | 


For k = 1.400 


= 0.40825 loz 9.61092-10 
Q@ = 39.306 log 1.59445 
log 1. 20CSan 
16.0469 
16° 2.8! logtan 9.45882-10 
2.4495 log 0. 38908 
Ye 55° «(10.2° loztan 9.84790-10 
es. Calculation of nrggeure ra‘io. 
Observed values, unper contour, mm 4. 
1. Atmos. 0.53 0.50 0.20 0.30 0.20 0.15 0.10 
2. 54 ore 42h 476 oe S25 672 7 ie 
DB. Oos-Atm. 324 370 422 ATO 581 618 656 
d, sane? 0.425 0.484 0.552 0.625 0.761 0.810 0.860 
= Y/Dd, 0.575 0.516 0.448 0.375 0.239 0.190 0.140 


a Selculeeion of ares 


Nernendicular to flow. 





39 





Vii LARP sD IX 


p Samole Calculations (con't). 
From sketch on nreceding n36e:3 
ies 
te r, sin (90 - W ) 
\ Sees 
- a i a a 
Theo. 

P/ Do O55 70250 0.40 O. 30 
ie 1.000 1.048% 1.2693 1.62 
tae) 2 0.500 0.5242 0.6346 0.8121 
sin(90-W)1.000 0.95569 
A in 0.500 0.50097 
A/ Ae 1,000 1,002 1.039 1.132 


d, 





O Leo 





2.2992 


OS 


2.942] 


0.10 
4.1648 


1.1496 1.4710 2.0824 


0.81745 0.69804 0.58524 0.52725 0.46360 


0.51875 0.55688 0.67279 0.77558 Oneeoae 


1.346 


Lee 


aoe 


- Calculation of growth of Doundary layer r@hnen 


layer is assumed to be uniform on all bounding surfaces. 


(a). 


weer contour. 


Avg.p/p, 0.574 0.516 
M (for isen., 

exp. to avg. 

p/p) 0.93 1.02 
A+ /A 0.996 0.998 


A (rée@'d) 0.503 0.501 


A (aet.) 0.500 0.501 
parr. ine 0.000 
£ 

t in. “0.090 


0,448 


1.14 

0.990 
0.505 
O,oLS 
0.01§ 
17035 


0.0042 


40 


0.373 0.236 OL1ee sO 


lies 
0.950 
0. $26 
07507 
0,041 


1 We 


0.0126 OF@827 


1.60 
O, 800 
O2025 
OyG72 
0. O47 
1.344 


ae 

On20 
0.695 
0.775 
0.080 


eo 


0.0195 


ioe 

-35 
»778 
«955 


Orme OO WO © 


. ley 
930 
O, Ogs5 


t~ 





D. Samole Calculations 


60) 


O 


Se: 


Avg.p/pg 0.590 

u 0.920 
Ar/A 0.994 

A (ré@éc'd) 0.504 

A (ect.) 0.500 
Diff. ins 

g 

Toa a te 

(2 =k) (@*- 2t) 


Ate - t(2ktrpedt 


OY © 4.oee 


Loomer contour, 

< SOs 
~ O04 
998 


- A 


rea'd 


-c.onl sale, 
O:-132) OF 676 
eG lees 
0.982 0.950 
0.509 0.526 
Oa lo? 05567 
O,enro 0,04] 
tegen 12152 
0;0033 0.0126 


0.290 
46 


j-—~ 


02375 
Oso te 
One (s 
QO. 102 
1.344 


eel ( eee, 


Neglecting the t© term as insignificant. 


ie 


*X - al(reactd) 


ZR +] 


+] | 
j 


_ 


- 


4/ 


Oeeee 
1.64 

0.780 
0,641 
OF aes. 
0.134 
1.550 


Agiff. 
ag Ea 


OFS 1 
To 

0.670 
0.746 
0.965 
0,219 
1.930 
0.0450 





ViIil Leapix 


D. Semple Caleuletions (cont'd) 


5S. Calevlation of mney contour bated on @!. 


wo 





a oe _ 
es 
ae 
— 
——< 
x 
f, 
hguutions used (fro. apvendix B and feometry 
Of Tigre). 
1429 
-/ Bie. 
6’ = 245 cos’ [1095 (4), J - 
n sm (O-6'] 
o 7 Sly Q" ; 
(22) 
Re ft, ee 
(3) 
hr, ¢ 
(2s f= ; 
fe h, (4) 
° fa vc“ 
vameme Gmiculution, Upper contour, {=} {= 0230 “<n 
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t = | A929 o 
9 =2.4S5 xXor [ ,095 (236) | = 66.4 





-4 0.102 
= pn PelO-@? - 4CO5 Gr = 0.5/3 


e 


A, = RAR, €2® = 2,513 


yy C@lculated valu@S® Bes@a ch observed Dv eeBure Wetios. 
°. | 


tp. 0.53 9.50 0.40 0.30 0620 6.15 Ge10 


waa Se 





Unver Contour 
OBSERVED 


Meee 57k 6=C 0516) =O ALB 0.373) = 0,236 060. CG 
g O ioe ome News 66. ty 726 82.3 
z£ 0 0.104 0.698 Of910 O7513509Cs 7 ee 


Ze ae OU eo LU4 2 OTS a5 10 Aone 2a oe 3.49 


ie 


= 2,00 2126 Rte hee. 5 ae 09 14.50 
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LGO@er cComtour 
OBSERVED =7- a i | 
f/f. 9.590 0.503 0.432 0.376 0.290 0.222 0.101 
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o O ome 396 hk 5 fem 63.1 79.6 

z O O.164 0.227 0.456 Of715 ©1746 Opeom 
=e 61.00 1.164 2.227 Web56 1.705 1.756 eee 
A’ 1.0v ND) iD oe 3695 5.14 3.26 


0 0 17.55 39.31 55.07 £°7%.2 $1.07 93.00 


ai plot of the vulues of r' end @ gives the con- 
tour siiOwn Ly tie’ dotved lint&s inmaeWe figure on the 


preeed 1 nige page. 
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Supplementary Diecugecion. 


Ll. WWhePeretatren of victures. , 

The condensation shock, Fiz. 6-T, was 
present for normal flow and for shocks down- 
stream of it. Its slope did not agree with 
the slove of the theoretical lines of con- 
stant yoressure nor with the slove of the 
pressure shocks, 

Fig. O-TY and Fig. O-TileshowW # veculiar 
tyoe of shock occuring well downstrean. 
Senaration is cuite anvarent here. 

Fig. S-IV and Fig. 6-V show the shock 
anoroaching the condensation shock. 

Tig, 6-VI shows a nressure shock occuring 
in the vicinity of the condensation shock. 
Sevaration at the lower contour is noticeable. 
“ost of the light area downstream is caused by 
imperfections in the glass. 

Fig. 6-VII was taken with the shock uo- 
stream of the throat section. Note that the 
condensation shock seems to have disanneared 
in this condition of flow, 

Pressure shocks were not stationary Dut 
moved back anc forth cuite ranidly, creating @ 
wide band in the vhotogranhs. The comera used 


in taking tnese vnhotogranhs was not fast enough 


to ston the motion of tne snocks. 
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All original calculations, granns, and negatives 
are in the nossession of Professor frnest PP. Meumann 
of the Mechanical fngineering Department, Massachusetts 


Institute of Technology. 
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